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ABSTRACT 

We investigate the status of predictive fermion mass ansatzes which make 
use of the grand unification scale conditions rrie = rrid/S, = 3ms, and 
^ ' I Vcb 1= \frn^rnt in non-supersymmetric SO (10) grand unification. The gauge 

CN ' symmetry below an intermediate symmetry breaking scale M/ is assumed to 

\ be that of the standard model with either one Higgs doublet or two Higgs dou- 



blets . We find in both cases that a maximum of 5 standard model parameters 



(— I , may be predicted within \a experimental ranges. We find that the standard 

model scenario predicts the low energy | Vch \ to be in a range which includes 
its experimental mid-value 0.044 and which for a large top mass can extend 
' to lower values than the range resulting in the supersymmetric case. In the 

two Higgs standard model case, we identify the regions of parameter space for 
which unification of the bottom quark and tau lepton Yukawa couplings is pos- 
sible at grand unification scale. In fact, we find that unification of the top, 
bottom and tau Yukawa couplings is possible with the running b-quark mass 
within the Icr preferred range m^, = 4.25 it O.lGeV provided a^ciMz) is near 
the low end of its allowed range. In this case, one may make 6 predictions which 
include | Vcb I within its 90% confidence limits. However unless the running 
mass rrife > AAGeV, third generation Yukawa coupling unification requires the 
top mass to be greater than 180 GeV. We compare these non-supersymmetric 
cases to the case of the minimal supersymmetric standard model embedded in 
the SO(IO) grand unified group. We also give an example of a possible mecha- 
nism, based on induced vacuum expectation values and a softly broken C/(l)^ 
symmetry for generating the observed heirarchy of masses and a mass matrix 
texture. 



1 Introduction 



Recently, much attention has been given to the successes of predictive ansatzes 
HI; S in for the fermion sector of the standard model (SM). Although origi- 
nally fermion sector ansatzes 0, 0, ||, were proposed for and used in non- 
supersymmmetric SM ||, SU(5) and SO (10) [[10| grand unified models, the recent 
attention has focused on the case of the minimal supersymmetric standard model 
(MSSM) contained in supersymmetric SO(IO). One reason for using the ansatze in 
the context of a grand unified theory is that in these theories the masses of the down 
quarks and the charged leptons are necessarily related. This gives the possibility of 
increased predictive ability which, for example, may be realized in the Georgi- Jarlskog 
(GJ) mechanism which has at grand unification scale mg = "n^^/S, = Sm^ and 
rrij. = rrih. Also, there is the possibility of relating the up quark mass matrix to the 
down quark mass matrix This happens when the up and down quarks receive 
their masses from the same Yukawa couplings or higher dimensional operators in the 
context of the grand unified theory. It has also been shown P], H] that by apply- 



ing an ansatze with | |= ^Jnic/mt at grand unification scale, and requiring the 
zero terms in the mass matrices to be protected by some symmetries above grand 
unification scale, | Vcb \ is predicted to be within or close to the upper end of the 
la experimental range with out requiring rrit to be too large. SO(IO) (or a group 
like containing SO(IO)) is the chosen group because then, unlike with SU(5), the 
mass matrices can be automatically symmetric, neutrinos may be given small masses 
with mixing to solve the solar neutrino problem, and there are useful relations be- 
tween the mass matrices In the DHR (Dimopolous-Hall-Raby) formulation [Q, 
the MSSM with gauge coupling unification is chosen because by requiring unification 
of gauge couplings and the supersymmetry (SUSY) effective scale parameter Ms to 
be in the proximity of 1 TeV , as is needed for SUSY to solve the fine-tuning problem, 
one can predict a^c{Mz) to be within its experimentally determined range from the 
experimentally well determined parameters a and sin 9w . 



Although the fermion mass ansatzes in SUSY SO(IO) have so far worked quite 
well, there is, as of yet, no evidence for SUSY and one may wish to compare the 
predictions and predictive ability of ansatzes with SUSY to those without SUSY. This 
is useful not only because we do not know whether SUSY exists, but also because 
many parameters of the fermion mass and the quark mixing sector have not yet been 
determined with great precison, so we can not yet be confident of the success of 
the predictions of any particular scheme. The first comprehensive discussion of the 
predictions in the fermion sector of an ansatze was done in ref [||] for the case of 
MSSM contained in SUSY SO(IO). Only recently, has the low energy data (LED) 
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been precise enough to give a reasonable test of the predictions of an ansatze. In this 
paper, we will look at fermion mass ansatzes in non-SUSY SO(IO) grand unification 
in terms of current LED. 

As in the paper of ref. we take the ansatze at unification scale and assume 
that some, as yet, unspecified symmetries enforce the zero terms in the fermion mass 
matrices at that scale. One expects that such symmetries originate in a theory that 
is realized at scales equal to or greater than the grand unification scale and that these 
symmetries are broken at the grand unification scale, which allows the zero terms in 
the fermion mass matrices to develop finite values from renormalization group effects. 
We will suggest an example of such a scenario in Section 6 of this paper. Without 
the intention of examining all possible textures of fermion mass matrices, we will 
assume an up quark mass matrix based on the Fritsch ansatze and down and 
charged lepton mass matrices based on the Georgi-Jarlskog ansatze [^]. Ansatzes of 
this general form have been used extensively in the literature. 

Although SUSY SO(IO) can break to the MSSM in only one step, non-SUSY 
SO(IO), in general, needs at least two steps to break to SM. Typically, in two step 
breaking of SO(IO) to SM with Higgs particles taking masses according to the prin- 
cipal of minimal fine-tuning |TH], the intermediate scale M/ ~ 10^ to 10^^ GeV 
and the unification scale Mu ~ 10^^ GeV |14|. The allowed single intermediate 
scale gauge symmetries are the four groups 2l2r4:c, '^l'^r'^c P ^ '^l'^r^b-l'^c and 
2l 2r 1b~l ^cP-i where P refers to D-parity not having been broken. (Only in SUSY 
SO(IO) is SU{b) X f/(l) as an intermediate symmetry group possible.) Another pos- 
sibility, pointed out recently, is that if threshold effects are not minimized |]15|, but to 
the contrary super heavy Higgs particles not contributing to proton decay are allowed 
to vary below a SM coupling unification scale by a factor that can be as high as 10, 
then it is possible for MjjjMi < 30 [|16|. Like the SUSY case, this scheme makes one 
low energy prediction in the gauge sector from two inputs. It predicts asdMz) in the 
range of 0.119 to 0.125. In our paper, we will look at cases where SO(IO) breaks at a 
scale Mu via the VEV contained a 210 representation Higgs to the gauge sym- 
metry 2l 2fi4c and next at a scale Mj ~ 10^^ or 10^^ GeV to the SM. Further, we will 
assume that the vacuum expectation value (VEV) which breaks the gauge symmetry 
22,2ij4c to the SM is contained in an SU{2)ji triplet of a 126 representation Higgs 
field. This gives the right-handed neutrinos Majorana masses. As is usual, we use 
the VEV of a complex 10 representation Higgs field for the electroweak symmetry 
breaking. Even though the scheme of ref. |jl6| requires high values of a^ciMz), we 
will consider a3c(Mz) = 0.118 ± 0.007 for both Mi ~ 10" and Mi ~ 10^^ GeV. 

Below the scale M/, we consider two possibilities, one that the effective theory is 
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the conventional one Higgs doublet SM and the second possibility that the effective 
theory is the two Higgs standard model (2HSM). The reason we are interested in 
the 2HSM is that, while as we will see in the SM that the unification of the Yukawa 
couplings of the bottom quark and tau lepton is not feasible, both the unification of 
the Yukawa couplings of the bottom quark and tau lepton and unification of all three 
third generation SM Yukawa couplings is possible in the 2HSM. 

The rest of this paper is organized in the following manner. In the next section, 
we will discuss the renormalization group equations (RGE's) of the fermion sector 
parameters and the gauge couplings. After that, we review the basic results of im- 
plimenting the GJ ansatze in the MSSM. We do this so that we may later compare 
the results for the two cases without SUSY to the case with SUSY. In the fourth 
section, we will discuss the case of fermion mass ansatzes when between the scales 
of rrit and Mj the effective theory is the SM. In the fifth section, we discuss the case 
of fermion mass ansatzes when instead of the SM the effective theory below Mj is 
the 2HSM. Next, we give an example of a possible explanation of fermion generation 



mass heirarchy and flavor symmetries by use of induced VEV's [T^ in super heavy 
Higgs fields and a softly boken f/(l)^ symmetry. In the final section, we summarize 
the paper. 



2 RGE's and LED 

Here, we remind the reader of how Yukawa couplings evolve in the SM gauge sym- 
metry ly 2l 3c in the 1-loop approximation |T^, which we will use. Let U, D, and E 



be the 3x3 Yukawa matrices in generation space for the up and down quarks, and 
the charged leptons, respectively. In the SM, we have the Yukawa couplings 

Cy = qilJ(j)UR + qiP(t)dR + hEcpeR + h.c. . (1) 

In the MSSM and in the 2HSM we have 

£y = qi}J(t)uUR + q^BcpadR + lL^(j)deR + h.c. , (2) 



where {\4>u\) = f^u and {\4>d\) = i^d with y | ^ + | p = k = YIAGeV and = 
tan [3. The 1-loop RGE's for these couplings are 

levr^^ = [Tr(3UUt + 3aDDt + aEE^) 

+ ^(6UUt + cDDt) - Scl")<7,2]U, (3) 

IGtt^^ = [Tr(3aUU^ + 3DD^ + EE^) 
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with t = In /z, 



+ ^(6DDt + cUUt) - J:cf'>g^]B, (4) 
levr^^^ = [Tr(3aUU^ + 3DD^ + EE^) 

+ ^6EEt - J:c^^g^]E , (5) 



SM : (a, b, c) = (1,1,-1), (6) 
2HSM: (a,b,c) = (0,l,^), (7) 

MSSM: (a,b,c) = (0,2,^), (8) 



and 



SM; 2HSM : c^^ = (1^, ^, 8) , c^^ = ^, 8) , = ^, 0) , (9) 
MSSM : = (1^, 3, f) , cf) = 3, y ) , = (| 3, 0) . (10) 

In computing the evolution of the gauge couplings, we will use a 2-loop analysis 
but we will ignore the small effects of the Yukawa couplings on their running. The 
two loop equations, which we numerically integrate, are of the form 

The 1-loop coefficients bi are 

41 -19 

SM: (bi,b2,b3) = (-,--,-7), (12) 

lU 

2HSM: (bi,b2,b3) = (y,3,-7), (13) 

33 

MSSM: (bi,b2,b3) = (-,l,-3). (14) 

5 



The two loop coefficients can be extracted from ref . . We use gauge couplings 
normalized so as to become equal at the scale Mu. We use the following gauge sector 



inputs 21 



a-^{Mz) = 127.9, 

a3c{Mz) = 0.118 ±0.007, 

x{Mz) = 0.2326, 

Mz = 91.187 ±0.007Ge1/, (15) 
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with 



3 1 — X 



a 



lY 



KMz) = 3-—-, (16) 



5a(M; 



z 



liMz) = (17) 



a 



2L 



a{M, 



and we have used the experimental mid- values for a{Mz) and x = sin^ (MS*). 

As in ref. [|l|, we numerically integrate ai, a2 and from Mz up to a scale Ht 
which is in the vicinity of where we expect to find the running mass nit in the MS 
scheme. Between = Mz and yU = yUj, we use the 2-loop SM gauge evolution with 
1-loop threshold corrections for rrit = fit to find aiy, 0:21, and a^c at the scale fi = fit- 
From fi = fit down to a particular fermion's running mass for rrib, rric or charged 
leptons or down to 1 GeV for the less massive quarks, we calculate the running of 
its mass according to 3-loop QCD and 1-loop QED effects. CKM parameters 



are evaluated at the scale fif Of course, we always use the effective theory where 
all fermions more massive than the scale of interest have been integrated out. These 
effects are represented by rrii = mi{fit)'rii. In this report, we take fit = 180 GeV^, and 
find ai^{fit) = 58.51, a2^{fit) = 30.15, and a^^{fit) = 9.30 ± 0.5 and 

„ _ 1 co+o.or 

'lb — J-.JO_o.o6 1 

71 - 2 20+°-27 

r/, = r/rf = 2.45l°:i, 

rf^ = 2.46l°:i, 

Ve ~ r]f, ^ r]r = IM5 . (18) 

We are interested in the low energy fermion masses, the CKM quark mass mixing 
matrix elements Vap p3| , and the Jarlskog CP violation parameter J. In the approxi- 



mation that we use the 1-loop Yukawa RGB's, ignore terms O(A^) or smaller where Aj 
is the Yukawa coupling of fermion i, and set rft = 1, the exact solutions for the LED 
in terms of the same parmeters at an intermediate breaking fi = ftj are the following: 

(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 



mtimt) 


= mt{fii)Aue''^^ 


+ |6)/t-(3a+| 


cjlt-alr 




mb{mb) 


= mb{fii)r]bAde~ 


(3a+|c)/t-{3- 


\-'p)Ib-Ir 




mT-(mT-) 


= mr{fii)rirAcie 


-3a/t-3/i,-(l+ 






rricimc) 


= mc{fii)r]cAue~ 


-Slt—Salfj—alr 






mi{mi) 


= mi{fij)r]^Aee~ 


3aIt—3It—lT 


{i = fL 


e) , 


m.ilGeV) 


= mi{fii)risAde' 


3aIt—3Ib—lT 


(i = s. 


d), 


muilGeV) 


= mi{fii)r]uAue~ 


-3It—3aIi,—alT 


5 
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1 Vafsimt) 1 


= 1 VafsilJ-l) 1 






Jim) 





(other aP) , 



ub, cb, tb, ts) 



(26) 
(27) 
(28) 



where the effect of third generation Yukawa couphngs on the Yukawa evolution is 
given as 

and the effect of gauge couphngs on Yukawa evolution is given as 

1 /-In A*/ 



Aa = exp 



IGvr^ Jln fit 

In the 1-loop approximation for the gauge RGB's becomes 



A^ 



(30) 




■j-j- 



(31) 



In the SM or in the 2HSM or MSSM when tan (3 is small, it is a very good approxi- 
mation to ignore terms O(A^) in the Yukawa coupling evolution equations, in which 

m 



case 



1 + XtiMj)'Ki''^ 



1 

6+3i) 



where 



167r2 



r-lnfii 


1 /-In/i/ 


/ exp 




1 In fLt 





(i(ln/i) 



(32) 



(33) 



In Table 1, we give the values for the A^'s and the K^s for the SM and the 
2HSM. We show two different cases for the situation where the effective theory below 
the scale M/ is the SM. In the SM case (a) Mi = lO^^-^^ GeV, and in the SM case 
(b) Mj = 10^^ GeV. In the case where the effective theory between nt and Mj is the 
2HSM, we use Mj = 10^^-^^ GeV. Note that the A^^'s and the Ku's in the SM case (a) 
and the 2HSM case have very similar values. For the sake of comparison, we also show 
the AaS and Ku for the case when the effective theory above the scale fit = 180 GeV 
is the MSSM. In this case, the upper bound of integration in the A^s and is the 
gauge coupling unification scale Mij. The strong coupling constant a^^Mz) = 0.121 
is determined by requiring gauge coupling unification to be acheived with a and sin 9w 
as inputs. 

In Table 1, we also show the ratio Ad/Ag in the different cases because the ratio 
of the masses of the down quarks to the masses of the charged leptons is proportional 
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to Ad/Ag. Note that this ratio is highest in the MSSM scenario. In the SM case (b) 
this ratio is higher than in the other two non-SUSY cases because the SU{4)c gauge 
symmetry is broken at Mj, which for SM case (b) is larger than for the other two 
non-SUSY scenarios considered. 

We can use the AuS and K^s of Table 1 to find the infrared quasi-fixed point of 
the top quark |2^. When Xt » Xb, 

AAu 



Xt 



(34) 



VT+A^' 

where A is the top quark Yukawa coupling at the scale Mj for the non-SUSY cases 
and at Mu for the MSSM case. In the limit of a large A, one finds A* ~ Au/ y/Ku- 
Therefore in the MSSM when sin/3 ^ 1 and Xt » Xb, (^Au/ y/IC^^ k is the infrared 
quasi-fixed point of the top quark. For the MSSM case, one finds that the fixed point 
is 194 GeV. This gives an upper bound for the running mass rrit for any tan j3. 

However when an intermediate breaking scale M/ exists, A has an upper bound 
from the following equation which is valid when the intermediate gauge symmetry is 



A 



1 + ^iKj 



(35) 



where we have defined the effect of the intermediate scale gauge couplings (/2l, g2R, 
and on the Yukawa coupling evolution of all fermions as 



A 



/ = exp 



_167r2 

and defined the analog of Ku as 
3 



In /II 



In/it 



(36) 



K 



f 





1 /-Inw 


I exp 




/In /Jut 


Svr^ J\n/i' 



EcP^.^(/.')ci(ln/i') 



(i(ln /i) 



with 



.(/) 



9 9 45\ 
4'4'Tj 



(37) 



(3^ 



and Xtjj is the top quark Yukawa couphng at Mu- Eq. (^) is the solution to the 
intermediate scale equation 



167r 



,(iln At 
dt 



(6A 



(39) 



For the SM case (a), we find the fixed point to be 223 ± 3 GeV. For the SM case 
(b), we find nAu/y/TC^ = 235 ±4:GeV. For the 2HSM case, we find the upper bound 
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of the top running mass to be 225 ± 3 GeV. As is well known, without SUSY the 
fixed point of the top quark is clearly higher than that allowed for by examination of 
electroweak data [p^] . 

We now should consider the relations between rrib and m,- in the three cases. They 

are 

rrir 







Vb 


Ad 


Ku Vt 


Ae 


Ku Vb 


Ad 


Ku Vt 


Ae 


Ku Vb 


Ad 



g-i/.-f/,+f/. {2HSM), (42) 
g-/*~3/,+3/. (M55M), (43) 



Ku Vt Af, 

where the subscript [/ on a parameter denotes its value at unification scale. The 
SU{?>)c gauge contribution by itself would make rrib undesirably large for the case of 
bottom-tau Yukawa coupling unification with the requirement tjIj. = 1.784GeV . 

In the SM case, the ratio nib/mj. increases with top quark mass. For example, if 
we assume rrib = rrir at grand unification scale and use rrir = 1.784 GeV as an input, 
then the lowest possible value of mf, is obtained for the lowest reasonable values of 
rrit, asciMz), and Mj, which are pole mass nit ~ 130 GeV^, a^ciMz) = 0.111, and 
Mj ~ 10^^ GeV. This gives a running mass nib = 5.0 GeV or m^"'''^ = 5.2 GeV. This 
nib is too large to be acceptable . Because of this, we are forced into using two Yukawa 
couplings to give mass to the bottom and tau fermions in the one Higgs case. One 



coupling must be to a 10 representation Higgs and the other to a 126 representation 



Higgs. (Remember that, unlike a coupling to a 10, couplings to 126's contribute to 
lepton Dirac masses relative to quark masses with a factor of the Clebsch —3.) We 
assume the entire bidoublet of the 126 representation Higgs field to have a mass of 
the order of Mjj and to contribute to the fermion masses through a VEV induced 



from the VEV of the 10 representation Higgs field |[T8[| . 

On the other hand, in the 2HSM and the MSSM when we input rrir = 1.784 and 
require the unification scale condition nib{Mu) = niT-{Mu), the ratio nib/nij. decreases 
with increasing m^. Bottom-tau Yukawa coupling unification has proved successful 
in the MSSM. We will see later that this is also possible in the 2HSM, although the 
fit is not as attractive. This is because the ability of the top quark Yukawa coupling 
to keep the ratio mb/nir from becoming too large is less in the 2HSM than in the 
MSSM. 

Since we are interested in matrices of the GJ form which have | Vcb{Mu) \ = 
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/ mc{Mu) / mt{Mu) , we also consider the equations 

I Vcb \ 
( "^c A 



r;-ie-5^*-2^' (SM), (45) 
^-ig-i/t+i/. (2HSM), (46) 

(M^^M). (47) 



We see that in all cases, the heavier the top quark is, the lower this ratio is. 



3 Brief Review of MSSM case (DHR Ansatze) 

In this section, we will look at the ansatze of Dimopolous, Hall, and Raby (DHR) []T[ 
for the purpose of making the program we will use for the non-SUSY cases clear and 
also so that we may later compare results between the SUSY and non-SUSY cases. 
For a more complete analysis, see ref. 0, ^. In the original DHR ansatze, the the 
grand unification scale fermion Yukawa coupling matrices take the following form: 





/o c 


0] 






F 






(0 


F 


o\ 


u = 


C 


B 


,D = 


F 


E 





,E = 


F 


-3E 







V B 


a) 




lo 









lo 








(48) 



where A, B,C, D, E, and F are complex parameters, with 

\A\ » \B\ » |C| 
1^1 » 1^1 » |F| . (49) 

(Note that the up-quark mass matrix is of the Fritzsch form and that the down-quark 
and charged- lepton mass matrices impliment the Georgi-Jarlskog mechanism.) We 
recall that Mjj = Uk sin f5, = Dk cos /3, and Me = Ek cos (3. After rotating away 
all but one unavoidable phase in the Yukawa coupling matrices by redefinition of 
the phases of the fermion fields [Q, these matrices may be given the following form: 





/o c 


0^ 




( ° 




0^ 






F 


o\ 


u = 


C 


B 


,D = 




E 





,E = 


F 


-3E 







V B 


a) 




[ 





d) 




lo 





d) 



where A, B,C, D, E, and F are now real. This ansatze uses the 8 inputs A, B, C, D, 
E, F, 0, and tan P to describe the SM fermion sector, which contains 13 independent 
parameters. Hence, these 8 parameters may be fixed in terms of the 8 best measured 
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SM fermion sector parameters to yield 5 SM fermion sector predictions and tan (3 of 
the MSSM. The following inputs are used [ p7|] : 



mb[mb) = 

m^(mT-) = 

rricimc) = 

mf^inif,) = 

0.2 < 

\Vcb\ = 

I K,. I = 



4.25 ±0.1 Gel/, 

1.784 Gel/, 

1.27 ± 0.05 GeV", 

105.658 MeV, 
m^jlGeV) ^ 
nidilGeV) - ■ ' 
.511 MeV, 

0.044 ±0.014, 

0.221 ±0.003. 



(51) 
(52) 
(53) 
(54) 

(55) 

(56) 
(57) 
(58) 



The above masses are running masses in the MS scheme and their quoted uncer- 
tainties are at the la level. For the CKM matrix parameters \Vcb\ and \Vus\, we 
have quoted the uncertainties at the 90% confidence level. The la limit on \Vcb\ is 
iKfel = 0.044 ±0.009. 

By finding the biunitary transformations that transform the mass matrices at 
grand unification scale to diagonal matrices with real positive entries, making use of 
Eq. (|49|) , and using the results of the RGE analysis of the previous section one may 
find the predictions |1| for the 5 SM parameters and tan (3 in terms of the previously 
given inputs. Four of these are the following: 



nid/nis 



9^ 



X _ !2M 


2 


\ — VM. 


2 











3 r|^^' 



Ra 



K 



ub 



cb 



J 




(59) 
(60) 

(61) 
(62) 



with 



\V„„ 



COS( 



|2 _ ( UhL] — 



V,,, 



(63) 



and where we have defined Rd = Ad/A^. 

e 

The fifth predicted SM parameter is m^. An input value for | Vcb \ gives two 
possible pairs of predictions for rrit and the MSSM parameter tan 13. Only for the 
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case that tan (3 is small can an accurate analytical approximation be given for rrit and 
tan (3. Otherwise, one must numerically integrate the RGE's. When tan (3 is assumed 
to be small, the following predictions can be made from the Mu scale conditions 
\^cb\ = J^c/'mt and mi, = rrir with the RGE's given in the last section: 



mtim) 

sin P 



mc/rjc b 

.b. 



12 



and for the unification scale top quark Yukawa coupling 



(64) 
(65) 



A = Ku 



T 



12 



where we have defined 



r 



nij. 
VbAd 



(66) 

(67) 
(68) 



and rrit is the running mass. As is well known, the MS scheme running mass is related 
to the physical pole mass by the relation 



pole 



m. (l + !f!|!li)+0(a|(m,); 



(69) 



Now, we need to know what ranges of values are acceptable for the output param- 
eters. For the purpose of comparing later with the non-SUSY cases, we will give the 
results for the previously mentioned example of Ms = 180 GeV and a^dMz) = 0.121. 
For this value of a^^Mz), we find asi^fit) = 0.110 and the following rji's: 



Vb = 1-56 , 
Vc = 2.30 , 
Vs = 2.58 , 
Vu = 2.60 



For the outputs rris/md and m^, acceptable ranges are the following [p7 

rUsilGeV) 



15 < 
rUsilGeV) = 



rridilGeV) 
175±55MeV 



< 25 



(70) 
(71) 
(72) 
(73) 
(74) 



(75) 
(76) 
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In ref. [^|, larger values of nis/md correspond to smaller values of mu/md. Deter- 



mined solely by the ratio nie/m^^ the prediction for ms/rrid is 

^ = 24.71 , (77) 
rrid 

which is at the upper end of its acceptable range. (Of course, this ratio does not 
depend on whether the case considered is supersymmetric.) The prediction for rris is 
209 GeV. 

The la experimental limits on the CKM parameter | Vub/Vcb \ are 

Vub 



0.09 ±0.04. (7^ 



For our example, the prediction is | Vub/Vct \= 0.0605 J ^''^l^'^^ ■ The possible range 
for I Vub/Vcb I is shown in Fig. la. For this typical example, we can see that | Vub/Vcb \ 
varies from the lower end of acceptability 0.05 up to about 0.0665. 

For the CP violating parameter J, we find J ■ 10^ = 3.0 (^j-^) when niu/md = 0.6 
and TJic = 1.27 GeV. In Fig. lb for the case of rriu/md = 0.6 and rric = 1.27 GeV, 
we plot J as a function of | Vcb \ for values of | | less than 0.053 and greater than 
0.043, which is the allowed range of | Vcb \ within its la experimental limits. The plot 
shows that under these conditions J ■ 10^ can range from 2.2 to 3.4. In Fig. 2, we also 
plot COS0 as a function of | Vub/Vcb \ over its predicted range. This plot is of course 
also applicable to the non-SUSY cases to be dicussed. The range of coscp shown is 
from 0.14 to 0.30. The signifigance of cos0 for experiment is given in ref. ||28|| . 

Next, we look at the predictions made for nit and tan/5. In ref p, ^, it was 
determined that each value of rrit has two values of tan/? associated with it. Since 
each value of tan /? has only one value of and one value of | V^f, | associated with 
it, in Fig. Ic we plot rrit vs. tan/? and in Fig. Id we plot |V"cfe| vs. tan/3. Here, we 
plot the region described by tan (3 < 60 and rrit > 125 GeV. As in ref. §], for 
each value of tan j3 we numerically integrate the RGB's from the scale fit = 180 GeV 
for different values of rrit until we find one that gives Xb^ and A,-^ to be within .1% 
of each other at the grand unification scale Mjj. From recent direct top searches [p9|] , 
^poie y 131 (7eV p^. According to the analysis of the most recent electroweak data 



p6| , "''^ < 180 GeV. The figure shows that the top mass is within these bounds 
only for some values of small tan /? and for large tan /? ~ 60. 

As in ref. 0, we also plot in Fig. le the grand unification scale couplings A and D 
as a function of tan/?. At about tan/5 = 58, we can see that D = A for the example 
rrib = 4.35 GeV. (For both of the other two examples graphed, D = A for some tan (3 
a little greater than 60.) In ref p|, H] it was shown that one may use the unification 
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scale condition D = A to decrease by one the number of inputs in the ansatze and 
hence increase its number of predictions to 5 SM parameters and tan j3. With D = A 
at M[/, \ Vcb \ 0, 3 can now also be predicted. 

Finally, we review work done on the neutrino sector and the possibility of there 
being an ansatze to predict the neutrino masses and the leptonic mixing angles. In 
ref. |^U[, DHR propose the following ansatze for the neutrino Dirac mass matrix and 
Majorana mass matrix respectively: 
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where V is the superheavy singlet VEV and k 
mass matrix is then of the form 



^0) 



1 or —1/3. The low mass neutrino 



51) 



Then, just as in the quark sector, from bilinear transformations M^*°^ = V^MeV^'^ 
and M^i'^a = V^M^^V^^ that diagonalize the lepton mass matrices one finds the 
leptonic CKM matrix V = V^V^K DHR then find the following neutrino mass ratios 
and mixing angles: 

-2 
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9 ^ — 



in which B/A = \Vcb{Mu)\. 
For our example with k - 




COS( 



(82) 
(83) 
(84) 

(85) 
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1 and assuming tan (3 to be small, we find the following 
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87) 
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= 3680, (88) 



,2 



sin^^^^ = 0.0191, (89) 
sin^^e/. = 0.0177, (90) 
sin^e^r = 1.03xl0-^ (91) 

where we have used \Vcb\ = 0.05, rriu/md = 0.43 and nic = 1.23 GeV. We used 
fnu/^d = 0.43 and nic = 1.23 GeV to get sm^ 9e^ as low as possible. The value 
of sin^ and the mass ratios found in this example are to be compared with the 
small mixing-angle non-adiabatic solution window (Am^ ~ (0.3 — 1.2) x lO^^eV"^ and 
sin^ 9e^ — (0.4 — 1.5) x 10^^) which is in agreement with all experimental data PT 



The value of 171,^^ is ~ 1 eV. The n = —1/3 scenario can only provide neutrino masses 
and mixing that lie well between the small and large angle 90% confidence limit MSW 
solution windows [BD . 



4 Ansatze in SM 

As discussed in Section 2, the unification of and m,- at high energies is not possible 
in the SM. Wanting both to have an acceptable value of rrify and use mass matrices 
as similar as possible to the GJ form, we will use the following ansatze at the grand 
unification scale: 
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where A, B,C, D, d, E, and F are complex parameters, with |y4| >> \B\ » \C\ and 
\D + d\r^\D- 3d\ » \E\ » \F\. 

Below grand unification scale, the zero entrees in the mass matrices will develop 
small finite values. However, we have found the values that these entrees develop 
when one takes the energy scale from grand unification scale down to the intermediate 
breaking scale are negligible. So, it is a good approximation to take the ansatze at the 
intermediate breaking scale. (Most importantly, \Vcb\/^J^ does not evolve between 
Mf/ and Mj.) After rotating away all but one unavoidable phase (p in the mass 
matrices by redefinition of the phases of the fermion fields [Q, we take the ansatz at 
the intermediate breaking scale to be 
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Although this ansatze lacks bottom-tau Yukawa coupling unification, it uses the 
same number, 3, of parameters to describe the third generation masses as does the 
MSSM or 2HSM cases with bottom-tau Yukawa coupling unification because they 
require the additional parameter tan/5 = Ku/i^d- D and d may always be chosen to 
satisfy experimentally determined values of mh and ttIt-, but do not make predictions. 
Besides the two parameters D and d our ansatze has 6 other parmaters, and other than 
rrtfe and m,- the SM has 11 fermion sector parameters. So, we can make 5 predictions 
from the 6 of these 11 fermion sector parameters that are best determined. We use 
me, m^, mc, m^/m^, | Kfe I, and | Vus \ as inputs. In the last section, we quoted 
acceptable values for these parameters. 

Now, we look at the predictions for mt, rus, rris/md, \ |, and the CP violation 
parameter J (or cos0). Note, these are the same SM quantities as predicted for 
the DHR model without top-bottom Yukawa coupling unification. (The DHR model 
predicts these 5 SM parameters and also the SUSY parameter tan/5 = Ku/k^.) We 
will look at predictions for two cases. For case (a) we use M/ = 10^°-^^ GeV, and for 
case (b) we use Mj = GeV. 

First, from Eqs. (|l^), (H), (P^), and (|3^) and 

= ■ (94) 



IT/. 1 4 I Ku ( me V 
l^cfel + K^Al Uc ) 

We show running mass nit vs. | Vd, \ for the SM scenario in Fig. 3a for case (a) and 
in Fig. 4a for case (b). In case (a) we see that | Vd, \ can be as low as 0.039, and in 
case (b) | Vcb \ can be as low as 0.037 for running mass less than 200 Ge\^. For 
I Vcb I within its la limits, in case (a) uit can be as low as 145 GeV and in case (b) 
TJit can be as low as 140 GeV. 

Now, we look at the other 4 predictions. These 4 predictions all take the same 
form as in the original DHR ansatze and are given by Eq. (|5^), Eq. (|60[), Eq. (pl|), 
and Eq. (|62D. Of course, the prediction for ms/nifi is the same as before ms/md = 
24.71 because it only depends on the ratio mc/m^. The other three predictions are 
proportional to the ratio of the gauge contribution for the down quark masses to the 
gauge contribution for the charged lepton masses Rd = Ad/Ag. 

e 

Since the prediction for mg is proportional to Rd, the range of predicted values of 

e 

mg in the SM case (a) has to be lower than the range of predicted value in the SM 
case (b). In case (a) we find 

ms = IQQtll GeV (95) 

, and in case (b) we find 

nis = 184+1 GeV . (96) 
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The uncertainties that we give are due to the uncertainty in 0:3 (M^). The value in 
our MSSM example was rris = 209 GeV, which is contained in the upper part of the 
range of values for the SM case (a). 

Also, the prediction for 1^1 is proportional to Rd. So, once again, we expect that 

^cb e 

the range of predicted values for | ^ | in the SM case (a) to be lower than the range 
of predicted values in the SM case (b). In the SM case (a) we find 
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and in the SM case (b) we find 
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(0.057t°: 
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The uncertainties given here are due to the uncertainty in a^{Mz)- The value in our 
MSSM example was 



0.065y -^^^^^P^, which is contained in the upper part 



of the range of values for the SM case (a). We show the range of good values for 
I ^ I in Fig. (0) for the SM case (a) and in Fig. 0for the SM case (b). 

Being proportional to -Rd, one expects the CP violation parameter J to have a 

e 

lower range of predicted values in the SM case (a) than in the SM case (b). When 
'rfiul'fnd = 0.6 and rric = 1.27 GeV, we find 



J - 10^ 




(99) 



for the SM case (a) and 



J - 10^ = (2.8 ±0.2 




10^ 



(100) 



in the MSSM 



for the SM case (b). This is to be compared with J 
case. The prediction for case (a) is ploted in Fig. 3c, and the prediction for case (b) 
is plotted in Fig. 4c. The predicted values for cos0 can again be found from Fig. 2 
for the predicted ranges of \Vub/Vcb\- 

To complete this section, we will consider neutrino mass matrices of the form 
given in Eq. ( [79| ) and Eq. (pUI). However, as a good approximation we will take 
the matrices at Mj instead of M(/. Following the same analysis as discussed in the 
last section, we find the following for case (a) when \Vcb\ = 0.05, rriu/md = .51 , 
rUc = 1.27GeV, and as^Mz) = 0.118: 



109. 



(101) 
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^ = 3720 , (102) 

sin ^^^2 = 0.0483, (103) 

sin ^e^^ = 0.0176, (104) 

sin ^er^ = 2.64 X 10-^ (105) 

and we find the following for case (b) when \Vcb\ = 0.05, mu/md = .46 , rric = 
1.27 Gey, and asdMz) = 0.118: 

-^ = 106, (106) 
m,. 



3730 , (107) 



sin^ = 0.0493 , (108) 
sin^ = 0.0176 , (109) 
sin^ ^er = 2.69 X 10~^ (110) 

Because \Vch\ becomes larger at higher energies in the SM whereas it becomes smaller 
at higher energies in the MSSM, the values for sin^ den virtually the same in the 
MSSM and SM cases whereas the ratio my^jm^^ is more than twice as big in the 
MSSM example than in the SM cases. The value of rriy^ is ~ 



5 Ansatze in 2HSM 

For the 2HSM case, we first use use an ansatze of the form given in Eq. (|48|) at grand 
unification scale. Although the zero entrees in the Yukawa matrices will develop 
relatively small values between My and M/, ^ch\l does not evolve over that 
range and so as a good approximation one can effectively take the ansatze at Mj in 
the form of Eq. ([50|) . As does the DHR ansatze, this ansatze has 8 parameters. So, 
it is possible to predict 5 SM fermion sector parameters and the 2HSM parameter 
tan /3 in terms of the 8 best measured SM fermion sector parameters. Of course, we 
choose the same 5 input parameters as in Section 3. The expressions for the 4 output 
parameters m^, ms/md, \ ^ |, and the CP violation parameter J (or cos(/)) again are 
given by Eq. (|9D, Eq. (|g), Eq. (0), and Eq. (||). Since in the 2HSM Rd = Aa/Ae 

e 

has values within a few percent of its values in the SM case (a), these 4 2HSM case 
predictions will only be slightly different than the predictions of these 4 parameters 
that were given for the SM case (a). Those predictions are already given in Table 2 
and Fig. 3. However, we do need to discuss the predictions for rrit and tan/5. 

If we are to require A^^^ = A^-^ but not At^ = A^-^, then we must have two Higgs 
biodoublets instead of one in the intermediate scale effective theory. (Hence for this 



18 



case the model needs two complex lO's instead of the minimal one complex 10.) One 
Higgs doublet from each of these bidoublets is then assumed to contain a VEV and 
appear in the 2HSM effective theory below Mj. (One Higgs doublet is 0„ and the 
other is 0^-) For the more interesting case of A^;^ = A^^^ = A^-^, the model only needs 
one Higgs bidoublet appearing at intermediate scales, and hence the model only needs 
the minimal one complex 10 Higgs field. The A^s and the KuS which we give in 
Table 1 for the 2HSM case and use in this section were calculated for the assumption 
of only one Higgs bidoublet having a mass less than Mjj. The M/ we use is calculated 
according to the principal of minimal fine-tuning and for when a-^dMz) = 0.018. The 
values of the A^s and the KuS that are calculated for the 2 Higgs bidoublet case 
are similar to the corresponding values given for the single Higgs bidoublet case, and 
one would expect these differences to be smaller than the uncertainties in the A^s 
and the K^s due to possible threshold corrections which we ignore for the sake of 
simplicity. 

When the assumption of tan f3 being small is made, rrit and tan (3 may be predicted 
to a very good approximation by the following equations: 



sin/3 



r ric/rjc b 



Mm) = (111) 



Aui^ I Vcb p \b, 

and for the intermediate breaking scale top quark Yukawa coupling 



(112) 




(113) 

where we have again used r = -^^^ and h = and rrit is the top quark running 

mass. In order to investigate the situation for when tan/3 is not small we must 
numerically integrate the Yukawa RGB's to find for each value of tan /3 a value of 
for which A^^ agrees with A^-^ to within 0.1%. 

We have found two scpcratc ranges of tan (3 that give values for the running mass 
rrit between 125 GeV and 200 GeV. One region is for tan/3 ~ 1 and has A much 
greater than D. In the other region, tan/3 is greater than about 55 and D is of the 
same order as or larger than A. It is not surprising that we find two separate regions 
in tan /3. One expects the rrit vs. tan /3 plots for the 2HSM case to have the same 
shape as the rrit vs. tan /3 plot for the MSSM case in Fig. Ic, but one also expects as 
discussed in Section 2 that in both cases when A is much larger than D and sin /3 1 
the top mass required by the Mj scale condition = m-,- will be close to kA^/ ^K^- 
While kAuI \fK^ is a little smaller than 200 GeV in the MSSM case, it is larger than 
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200 GeV in the 2HSM case. Hence, one would expect rrit to be unacceptably large 
for intermediate values of tan/5 for which sin /5 ~ 1 and A is much larger than D. 

For the case that a^lMz) = 0.111 and rric = 1.22 GeV, we find for a small span 
of tan/3 (~ 1) from about 0.6 to about 1.7, the running mass rrit takes values from 
125 GeV to 200 GeV. Within this region, | Vcb \ could be as low as about 0.0515. 
When nib has the values 4.35 GeV, 4.25 GeV, and 4.15 GeV, the Mj scale coupling 
A = has the values 1.4, 1.8, and 2.3, respectively. (Larger input values for nib 
give smaller values for A.) However, from Eq. (|3^) we find that A = Xtj can have a 
maximum value of 1.26. The effect of using larger values of 03 (M^) is to require larger 
values of A than just given for the a^^Mz) = 0.111 case. (e.g. When nib = 4.35 6*61^ 
and a^lMz) = 0.118, A must be 2.3.) This lower region is ruled out in the scheme 
we are using unless the running mass nib is larger than about 4.4GeV and a^ciMz) 
is near its lower end of acceptability. 

In Fig. 5a and Fig. 5b, we show the running mass nit vs. tan/? and | Vcb \ vs. 
tan (3 respectively for the higher region of tan (3 for the case that a^lMz) = 0.111 and 
nic = 1.22 GeV. In the rrit vs. tan (3 plot, we plot rrit for values of Mj scale Yukawa 
couplings A and D less than 1.3. We see that for rrib = 4.35 GeV^, rrit can be as low 
as 150 GeV^. In the | Vcb I vs. tan/3 plot, we can see that | Vcb I is never within the 
la limits of | V^j, | but can be within its 90% confidence limits. In Fig. 5c, we also 
show the unification scale couplings A and D as a function of tan j3. We can see that 
for the case with nib = 4.35 GeV top-bottom-tau unification {D = A) is possible for 
A ^ 0.8. 

In Fig. 6a through Fig. 6d, we show nib, ^t, \ Vcb \, and tan/3 as a function of 
A when D = A for the case where a^lMz) = 0.111 and rric = 1.22 GeV. Using a 
value of rrib as an input determines a value for A, but only values of rrib more than 
4.25 GeV predict values of rrit less than 200 GeV^. In fact, for rrib < 4.4GeV the top 
running mass is predicted to be high, greater than 180 GeV. Once again, the possible 
range for | Vcb \ lies outside of its la limits but within its 90% confidence limits. The 
value for tan/3 is predicted to be between 57.5 and 65 for rrit < 200 GeV. The Mj 
scale Yukawa coupling A takes values from 0.73 to 1.00 for rrib < 4.4GeV. 

Fig. 6a through Fig. 6d for the 2HSM case can be compared with the situation 
in the MSSM. In Fig. 7a through Fig. 7d, we show rrib, f^t, \ Vcb \, and tan/3 as a 
function of A when D = A for the case when a^iMz) = 0.121, Ms = 180 GeV GeV 
and rric = 1.22 GeV . We see that in the MSSM, having within the 90% limits given 
in ref. correspond to lower values of rrit than in the 2HSM case just discussed. 
For example, nib = 4.4 GeV corresponds to a running mass rrit = 174.5 GeV, which is 
a pole mass of 183 GeV. Although its values are found to be lower than in the 2HSM, 
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\Vcb\ comes out just above its la limits. As in the 2HSM case, tan/3 ~ 60. 

Bottom-tau Yukawa coupling unification in the 2HSM with as{Mz) = 0.118 re- 
quires high values of to keep both of the couplings A and D from being too large. 
For example when mh = AAGeV, D can only be as small as 2.03 when A = 1.02, 
mt = 200 Gel/, tan/5 = 74.9, and | \ is 0.054 for rric = 1.22 GeV. A similar 
problem results if we increase M/. We find that the unification of the bottom and 
tau Yukawa couplings is only feasible in the 2HSM when Mj << Mu and a^d^z) is 
low, near 0.111. 



6 UiXf' symmetry and induced VEV's to give mass 
matrices 



Recently the authors of ref. [1^ have shown that if certain reasonable assumptions 
are made then the neutrino mass ratios and leptonic mixing angles are completely 
determined by the 13 SM fermion sector parameters within the context of minimal 
SO (10) grandunification. Their 13 parameter model is capable of generating all of 
the fermion masses and quark mixing angles and predicting the neutrino spectrum 
without depending upon any flavor symmetries. Crucial to their scheme is the obser- 
vation that the electroweak breaking VEV of the 10 representation Higgs field will 
induce a small VEV in the super heavy bidoublet of the 126 representation Higgs 
field. Their model of course has little predictive ability in the SM sector. 

In this section we give an example of a scheme that makes use of the idea of 
induced VEV's from super heavy fields, but at the same time limiting the structure 
of the mass matrices by using softly broken global symmetries. Specifically, we use 
U{1)^ symmetry to generate mass matrices similar to Eq. (0) which account for 
the hierarchy of masses and mixing angles. We shall have to go beyond the minimal 
SO(IO) model to accomphsh this. 

We consider the possibility that SO(IO) gauge symmetry is broken to the gauge 
symmetry 2^, 2ij4c by a 210 representation Higgs field. At the next stage, symmetry 
is broken to 2^ 2r 1b-l 3c by 210 as well as a 45 representation of Higgs field. Break- 
ing to to the SM is done by a 126 representation, and then finally the electroweak 
symmetry is broken by a complex 10 representation. In our example, we find that 
we need two super heavy 10 representations and two super heavy 126 fields. The 
super heavy fields have only very small induced VEV's. The 10 representation that 
does the electroweak symmetry breaking we will denote by IO3, and the 126 rep- 
resentation Higgs field that breaks the symmetry 2^,2/2 4^ to 2l2ji1b-l^c we will 
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denote by I263. We show in Table 3 all the fields that we employ and their transfor- 
mation properties under three different U(l) symmetries U{l)x, U{1)y, and U{l)z- 
All bidoublets are super heavy except that of the IO3 field. The operators that give 
the fermion masses are shown in Fig. 8. These operators give the following Yukawa 
matrices: 
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where the rj's are ratios of the "down" VEV's to the "up" VEV's in the operators. 
These Yukawa matrices go to those of our SM case in the limit of small tb and te 
large compared to 3. 

It is pointed out in ref. that a four- fold symmetrized product of the 126- 
dimensional representation is an SO(IO) singlet. Hence terms in the Lagrangian such 
as A(126i)| will explicitly break a U(l) symmetry to discrete symmetry if 126i has a 
U(l) charge. We can use the term A(126i)5 to break U(l) quantum numbers X, Y, 
and Z to a mod 8, a mod 16, and a mod 8 discrete symmetry respectively and avoid 
massless Nambu-Goldstone bosons. 

We note that in this scheme one can not determine the neutrino sector without 
making further assumptions. However, we still should check to see if the scheme is 
capable of generating low mass neutrinos and leptonic mixing angles that are in a 
range to provide an explanation for the observed solar neutrino deficit via neutrino 
oscillation. Our scheme provides a Majorana mass matrix with 3 unknown couplings 



to the three 126 representation Higgs fields and which is of the form 

Mnn = a V . 
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where V ~ M^, and a and (3 are in general complex and may be assumed to be small. 
We assume the (1,3, 10) submultiplets, given in 2^2/? 4c notation, of the fields I262 
and 126i have masses near the unification scale, and that they acquire small VEV's. 
We do not explain these small VEV's, but we note that they could result from a more 
complicated Higgs structure. The neutrino Dirac mass matrix at Mjj is approximately 
the same as Uk. We find that it is possible to get the neutrino spectrum into the 
previously mentioned small-angle adiabatic solution window, Am^ ~ (0.3 — 1.2) x 
lO^^e^^ and sin^ ~ (0.4 - 1.5) x 10"^, when \a\ « 1 and \/3\ « \a\ provided 
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we give phases to the SM singlet VEV's. For example, if we assume phases our zero 
and use a = 0.005 and /3 = for when \Vcb\ = 0.05 we get m^^/m^^ ^ 500 and 
sin^6'e;j ~ 0.018. However for example , if we give a complex phase of (p, 20 and 
to the third, second and first generation diagonal entries in the Majorana mass 
matrix , then for |V"cb| = 0.05 we get m^^/mj,^ ^ 750 and sin^ 6*6^ ~ 0.01, which is an 
acceptable solution to the solar neutrino problem. 



7 Summary and Conclusions 

In this paper, we have examined the predictive ability of fermion mass ansatzes in 
non-SUSY SO(IO) grand unification in contrast to SUSY SO(IO) since there is still 
no direct evidence for SUSY. We have considered the two possibilities that between 
the scale of the top mass and the scale Mj the effective theory is the SM and that 
it is the 2HSM. We have compared these cases to the case where between the scale 
of the top mass and Mu the effective theory is the MSSM, where the maximal SM 
parameter predictive ability is six parameters with a little large or 5 parameters 
all within la experimental limits. We have not considered ansatzes such as given in 
ref. |]ll| where certain relations are assumed between all of the entrees of the up and 



down quark Yukawa matrices with the result of the predictive ability being improved. 

In the SM case, we find the condition = irij. at the unification scale Mjj 
is impossible to maintain with mf"'*^ > 130 GeV and < 5 GeV . Nevertheless, 
we are able to predict 5 SM parameters to be within their la experimental limits. 
Specifically, rrit is in the range of about 150 GeV to 180 GeV for \ Vcb\ in the upper half 
of its la range. This is shown in Fig. 3a and Fig. 4a for the case of M/ ~ 10^^ GeV 
and Ml ~ 10^"^ GeV respectively. The results for the MSSM are quite similar for the 
ranges of rrit and \ Vch\ that are permissable. The values of iKib/Kbl, m^, and J for the 
SM and the MSSM cases are shown in Table 2. As can be seen they are quite similar 
and lie within the la experimental limits. These 3 parameters are found to depend 
somewhat on the scale that the Pati-Salam group is broken at. The predictions for 
these 3 parameters increase when the intermediate scale M/ is increased. In all cases 
iKib/Kfel is seen be on the lower end of its acceptable range. For the SM case with 
Mi ~ GeV must be less than about 0.064, while in the SM case with 

Ml ~ IQ^'^ GeV it can be as high as about 0.068. As usual, the prediction for ms/md 
only depends on m^/me and is found to be 24.73, within experimental bounds. 

As in the MSSM and unlike in the SM, in the 2HSM both rrib = m-r and with 
large tan/3 unification of the top, bottom and tau Yukawa couplings at the gauge 
unification scale are possible. We find we can predict tan/3 and 6 SM parameters 
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for the case where the top, bottom and tau Yukawa couphngs are unified at high 
energies. This is found only to work when asdMz) is near 0.111, and so could be 
ruled out with better experimental determination of a^d^z)- The predictions for 
the 4 parameters ms/nid, \Vub/Vcb\, rUs and J are essentially the same as for the SM. 
However, as shown in Fig. 6a IV^^I is predicted to be above its la limits. In fact, only 
for rrit above 180 GeT^ is \Vcb\ within its 90% confidence limits. Of course, by adding 
another parameter to the ansatze and decreasing its its number of predictions by one 
\Vch\ may be allowed to be in its la range. However, from comparison of Fig. 6a and 
Fig. 6b one can see that for rrit to be less than 180 GeV^, the running mass mf, must 
be greater than 4.4 GeV . On the other hand, if we give up the unification of the top 
and bottom Yukawa couplings but retain mf, = above M/, then it is possible for 
the top pole mass to be below 180 GeV^. In this case, |Vcb| lies above its la limits but 
within its 90% confidence limits. The predictions for nis/md, \Vub/Vcb\, rUg and J are 
essentially unchanged. 

This work has been supported by the Department of Energy, Grant No. DE- 
FG06-85ER-40224. 
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Figure captions 

Fig. 1 : In this figure, we show the following results for the MSSM example discussed 
in Section 3. Fig. la: The prediction for |\4b/Vc6| vs. input values of m^/md. 
The short dashed line, solid line and the long dashed line represent the cases 
where rUc is 1.22 GeF, 1.21 GeV and 1.32 GeF respectively Fig. lb: The 
prediction for the CP violation parameter J vs. input values of |Vc6|. The short 
dashed line, solid line and the long dashed line represent the cases where rric 
is 1.22 Gey, 1.21 GeV and 1.32 GeF respectively. Fig. Ic: The prediction for 
the running mass rut as a function of tan (5 for rut > 125 GeV and tan (3 < 60. 
The short dashed line, solid fine and the long dashed line represent the cases 
where rrib is 4.35 GeF, 4.25 GeF and 4.15 GeF respectively. Fig. Id: The 
CKM matrix parameter \Vcb\ as a function of tan/3. The long dashed line, the 
solid line and the short dashed line represent the same values of nif, as in Fig. 
Ic and also the values 1.22 GeV, 1.21 GeV and 1.32 GeV for rric respectively. 
Fig. le: The Mu scale top and bottom Yukawa couphngs as a function of 
tan p. The long dashed line, the sohd line and the short dashed fine represent 
the same values of nif, as in Fig. Ic. 

Fig. 2 : The cosine of the complex phase that appears in the DHR ansatze as a function 
of the input iKib/Kbl. 
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Fig. 3 : In this figure we show the following predictions for the SM ) with Mi = 

]^gio.93 discussed in Section 4. Fig. 3a: The prediction for the running 
mass rrit vs. \Vcb\- The short dashed line represents the case where rric = 
1.22GeV and a^ciMz) = 0.125. The solid line represents the case where rric = 
1.27 GeV and a^ciMz) = 0.118. The long dashed line represents the case where 

= 1.32 GeV and a^ciMz) = 0.111. Fig. 3b: The prediction for 
vs. input values of mu/md. The long dashed line, the solid line and the short 
dashed line represent the same values of rric and a^ciMz) as in Fig. 3a. Fig. 
3c: The prediction for the CP violation parameter J vs. input values of 
The long dashed line, the solid line and the short dashed line represent the same 
values of rric and asdMz) as in Fig. 3a. 

Fig. 4 : In this figure we show some predictions for the SM case (b) with Mj = 10^^ GeV 
discussed in Section 4. Fig. 4a, Fig. 4b and Fig. 4c are described by the captions 
for Fig. 3a, Fig. 3b and Fig. 3c respectively. 

Fig. 5 : In this figure we show the following predictions for the 2IISM case with Mj = 
]^gii.28 discussed in Section 4. Fig. 5a: The running mass rrit vs. tan (3 
with the dashed line and the solid line representing mi, = 4.35 GeV and mi, = 
4.25 GeV respectively. We show between 125 GeV and 200 geV. Fig. 5b: 
The CKM parameter \Vcb\ as a function of tan/? with mc = 1.22 GeV and the 
dashed and solid line being representing the same as in Fig. 5a. Fig. 5c: The 
Mj scale top and bottom Yukawa couplings A and D plotted as a function of 
tan /3 with the dashed and solid lines representing the same as in Fig. 5a. 

Fig. 6 : For the case of A = Xt^ = Xi,j = A^-^ in the 2HSM case of Section 5 with 
Mj = lO"*^^'^^ GeV^, we plot running mass m^, running mass m^, \Vcb\ and tan/? 
as a function of A in Fig. 6a, 6b, 6c and 6d respectively. In Fig. 6c, we use 
mc = 1.22 GeV. 

Fig. 7 : For the case of A = At, = A,,, = A^, in the MSSM with Ms = 180 GeV, a^c{,Mz) 
and threshold corrections having been ignored for simplicity, we plot running 
mass m^, running mass mt, \Vcb\ and tan/3 as a function of A in Fig. 7a, 7b, 7c 
and 7d respectively. In Fig. 6c, we use mc = 1.22 GeV. 

Fig. 8 : In this figure we show the operators discussed in Section 6 that give the Yukawa 
couplings of Eq. (|114|) from the fields given in Table 3. 
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bcenario 


A 


Ad 


A 

Ae 


Ku 


D Arl 

Rd = ^ 

e 


SM case (a) 


2.27 ±0.05 


2.23 ±0.05 


1.19 


2.51 ±0.05 


1.87 ±0.05 


SM case (b) 


2.69 ±0.06 


2.62 ±0.06 


1.26 


3.98 ±0.08 


2.08 ±0.04 


2HSM 


2.32 ±0.05 


2.28 ±0.05 


1.20 


2.66 ±0.05 


1.90 ±0.04 


MSSM 


3.45 


3.36 


1.50 


9.55 


2.24 



Table 1: In this table, we show the gauge contribution factors A^, defined in Eq. (30), the 
quantity K^, defined in Eq. (|33|) and the ratio Rd = In the first three cases listed, 

we assume that the SO(IO) grand unified group breaks to the gauge group 2l2ji4:c at the 
scale Mu, and then the gauge symmetry 2^2^! Ac is broken to either the SM or the 2HSM 
at the scale Mj. In the SM case (a), the SM case (b) and the 2HSM case, we have assumed 
Mi = 10^^-^^ GeV, Mj = 10^^ GeV and Mj = 10"-28 GeF respectively. For the purpose of 
comparison, we also give the results for the MSSM with the assumptions of gauge coupling 
unification (for which we ignore threshold effects) and mt w Ms = 180 GeF used to determine 
asciMz) = 0.121. 



Parameter 


Prediction for 

SM case(a) 


Prediction for 

SM case (b) 


Prediction for 
MSSM 


TTisilGeV) 


166tll GeV 


184t| GeV 


209 GeV 




(0.0541°:°°^) yHi^ 


(o.o57l°:°°^)yi|i^ 




J - 10^ 

for ^ = 0.6 
& m, = 1.27 GeV 


(2-6 ±0.2) (g)' 


(2.8 ±0.2) (IM)^ 


mf 



Table 2: This table lists three of the five SM predictions made by SM case (a) {Mj = 
-|^q10.94 q^y^ 51^1 ^35g ^i^j (^j^^ ^ -|^q14 q^y^ ^f^^^^ ^g^^g ^i^^^gg parameters as predicted 

by the DHR ansatze with Ms = 180 GeF and as{Mz) = 0.121. Mj is the scale at which the 
intermediate gauge symmetry 2^,2^2 4c breaks to the SM. 
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m 


16i 


I62 


I63 


lOi 


IO2 


IO3 


126i 


1262 


1263 


45 


210 


X 


1 


1 


1 


_2 


_2 


_2 


_2 


-2 


_2 








Y 


2 


1 


C) 


-3 


-1 


C) 


1 


_2 


C) 


1 
2 


i 
2 


Z 


1 








-1 








-2 








-1 






Table 3: Here we show how the three fermion SO(IO) gauge group spinor fields, three 126- 
dimensional representation Higgs fields, the 45-dimensional Higgs field, and the 210-dimensional 
Higgs field of our example model of Section 6 transform under the model's softly broken three 
U(l) symmetries. 
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